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(54) Apparatus for measuring pressure 

<57) Apparatus for combining two measurements of 
pressure, one measurement being obtained from a first 
pressure gauge 1 having good long-term stability and a 
second being obtained from a second gauge 2 having 
good dynamic response, comprises signal processing 
means 3 to provide a single measurement with good 
long-term stability and good dynamic response. In the 
apparatus shown, the second pressure gauge 2 Is an 
optical pressure gauge 24 used to measure downhole 
pressure (communicated via a device 30) in a gas or oil 
well 20, and connected to a display 26 and the proctor 3 
by a cable 25. The cable passes to the surface through a 
narrowbore hydraulic conduit 27, and the gauge and cable 
may be put In place by being puniped through the conduit. 
The surface end of the conduit 27 is connected to the first 
gauge 1 which measures the surface pressure, related to 
the downhole pressure by the weight of fluid in the 
conduit The arrangement allows the first gauge .1 to be 
used In periodic checks for drift in the response of the 
downhole gauge whereupon a suitable correaion may be 
applied. A number of refinements are described. 
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APPARATUS FOR MEASURING PRESSURE 
The invention relates to apparatus for measuring pressure in remote 
locations. The invention is particularly relevant in the oil and gas industries for 
calibrating permanent downhole gauges. 

As oil and gas reserves have been consumed over the years, the extraction of 
the oil and gas reserves has become increasingly more difficult under more 
demanding conditions. Aecordmgly, there is a need for more information andJMate;«?a- 
quality infonnation about the reservoir, and this is particularly so for oil and gas 
reserves which lie beneath the sea bed Optical fibre sensprs, together with optical 
fibre cables to link the ser^sor to the measurement instrumentation, are being 
developed for this purpose since they offer specific advantages, particularly in the 
ability to withstand extremes of high pressure md temperature. Furthermore, such 
optical fibre sensors may be of a structure and diameter similar to those of the 
optical fibre cable itself. Sensors are being developed which can be remotely 
deployed into oil and gas wells through conveniently sized and commonly used 
hydraulic tubing. 

One of the sensors being developed is a pressure sensor which can be 
remotely deployed through conveniently sized hydraulic tubing in order to measure 
downhole pressure. The pressure can be communicated from say the inside of the 
produaion tubing through which oi! flows to the surface by means of a pressure 
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communicating port which communicates pressure say from the production tubing 
to the inside of the hydraulic tubing where the downhole pressure sensor is located. 

Pressure can also be communicated through the hydraulic tubing from the 
surface end to the downhole end and vice versa, and this allows the downhole 
pressure sensor to be calilx-aied using pressure gauges at the surface which can be 
easily replaced or themselves caHbrated. This feature remdves the requirement for 
ultra-low drift over many years from the downhble-pKiSuii^ehsor since drift can 
readily be removed using the gauge af the surface. Unfoftunately, ft is not possible 
to dispense with the downhole ^essure gaiigi bewiisc 6^ 
of a long section of hydraiifi(j -tul^i^ ThU tli^'fij^niufic tu^^do^'not'traiSmt' 
feithfuUy dynahiic 'pressUj^infotiMfib^ l[n eweni^ & m^iies 

that the gauge at ^e surfii^b'^ only thfe\^i*^ measiff 

varying pressures with ah feflfecfevrtye't^ii&f o lidiirs; while ^e ' 

downhole gauge can pribvide an'icCurate hie^s\ii%ni€^t df irfiiyure. UnfdriunateV. 
the environment for the dowiAote gaiige%i bfe l^^'^w^ to the 

downhole pressure gauge driftiiig: lt¥ tlid-^orfc'idesirable that the two measures of 
pressure be combined into one measurement of pressure where the potential drift of 
the downhole pressure giuge is remo^bd vv^le r^^^ the dynamic information 
from the dowdhdlemeaaire^ . ^' ' • ' : ^ ' . 

Tecimiqueis to comftiuniwte fl^^^^ pi^sm-e to the s^ace via 

capillariemve bben in ejusiraob for raimVye^^ 'kn mponant' cM^^^^ ' 
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instruments (bubWcrs) use metal capillaries of inner-diameter 1mm to 5mm through 
which gases are flowed into the production tubing of oil wells. The surface pressure 
on the capillary which causes gas to bubble into the weU is a measure of the bottom 
hole pressure. It is known that this pressure can be corrected with the temperature 
profile along the production string which can be measured using a temperature 
profiling sensor. A related technique uses a downhole chamber which serves to 

•-4:ecp the interface between the produced fluid and the pressure communicating ;gasr- 
column inside this chamber and away from the capillary. The gas is pressurised at 
the surface with a pressure sufficient to maintain the liquid interface in the chamber 
during the lifetime of the measurement. Both these techniques have drawbacks: 
neither technique is appropriate for horizontal wells or high-pressure gas wells; the 
weight of the gas in the column creates inaccuracies when communicating pressures 
over the very long lengths (>2km), and the capillary can become blocked by the 
ingress of produced fluid (oil, gas and water mixtures). If the capillary becomes 

- blocked or otherwise damaged, it prevents measurements of downhole pressure 
v-ithout ceasing production, pulling up the production tubing onto which the 
capillary is typically strapped, repairing or replacing tfie tubing, and then lowering 
production tubing back into the well. The economic cost of doing this is extremely 
high. These systems have a drawback of being unable to communicate rapidly 
varying pressure information up long lengths of the capillary tubing without 
distorting the information. Transient behaviour of pressure such as occurs during 
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wen testing can therefore not be accurately measured. This information is 
considered of in5X)rtance by reservoir engineers for estoblishing a model of the 
reservoir. In addition, there is an important safety issue when measuring the 
pressure in high-pressure gas wells in that the capillary tubing at the surface is 
exposed to the high pressure. 

An aim of the present invention is to combine two separate measurements of 
pressureH)ne measureinent carried out at or near the surface and having a very-low 
drift, iand the other measurement being carried out by the downhole sensor and 
having excellent dynamic response, repeatability, and resolution, but accompanied 
by the potential for drift which may be caused by exposure of the sensor to high 
temperatures and complex chemicals. Combining the two measurements in a signal 
processing unit can result in the ovCTaU mformation being of high quality and not 
suffering from either drift or insufficient dynamic information. 

A further aim is to inq>rove on known techniques for pressure measurement 
using bubblers by ensuring that the pressure within the capillary is maintained at an 
acceptable level when used in high-pressure gas wells. This is achieved by using a 
smaller capillary tube interfacing into a hydraulic contrcrt line which contains a 
colunm of buffering hquid of controlled quality. 

A further aim is to inwove on known techniques for pressure measurement 
using bubblers by adding the capability of replacing the capillary simply in the event 



that h becomes daxnaged or blocked, without requiring an interruption to normal oil 
production. 

A further aim is to improve on known techniques for pressure measurement 
by including one or more flow restrictors which prevent produced fluids from 
moving up the hydraulic tubing during the potentially large pressure stirges which 
can occur in well testing. Significant flow rates in such circumstances can cause 
movement of the downhole pressure sensor and can cause further inaccuraci es d ue ... 
to associated pressure gradients along the hydraulic tubing between the production 
string and the downhole pressure sensor. If such downhole flow restrictors are 
located near the pressure conmiunicating port then it is no longer necessary to have 
the relatively large fluid buffer chamber which is a feature of some bubbler systems. 

According to a non-limiting embodiment of the present invention, there is 
provided apparatus for combining measurements of pressure where one 
measuren^t is obtained from a first pressure gauge having good long-term stability 
and a second pressure gauge having jgood dynamic response where the two 
measurements are combined in a signal processing means to provide a single 
measurement with good long-term stability and good dynamic response. For 
downhole oil industry applications, good long-term stability may be a long term 
accuracy of around Ipsi per year, whereas good dynamic response may involve 
being able to track a pressure transient of around 1 OOOpsi in ten seconds to an 
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accuracy of Ipsi also bdng able to resolve pressure changes of O.Olpsi to 

0.1 pSL 

In the first embodiment of the present invention, the second pressure gauge 
is an optical pressure gauge where the optical fwessure gauge and its associated 
cable interconnecting the optical pressure gauge with its iasw 
electronics is of suitable dimensions to be pun^)ed with fluid through a narrowbore 
conduit means to a remote location and where pressure is-oafamnie^edr from a 
measurement location to the optical pressiu-e gauge via a pressure communication 
means. The narrowbore conduit means may be standanl steel hydraulic tubing of 
14" outside diameter. 

In the second embodiment of the invention there is also provided a flow 
prevcntor means to restrict fluid from the measurement location flowing into the 
narrowbore conduit noeans. 

This embodiment is of particular importance in an oil well where pressure 
gauges are used for characterising the reservoir. This-characterisation often 
involves so-called **shut-in tests" where the surface valves controlling the flow of 
fluids up the production tubing are closed. This indifces a rise in the pressure within 
the production tubing. The purpose of the flow preventer means in this exan^)le is 
to prevent, or minimise the oil from flowing into the narrowbore conduit means 
while measuring the downhole pressure. 
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The flow preventor means may contain a valve means and a second conduit 
means, where the second conduit means intercoraieas between the valve means and 
the narrowbore conduit means, and where the valve means is closed when the 
pressure in the second conduit means is sufficient to close the valve means. This 
may be achieved when the pressure drop between the interconnection between the 
narrowbore conduit means and the second conduit means is greater along the 
-^-^•seescmdxonduit means tb^" in the narrowbore conduit means. 

The flow preventor means may contain a diaphragm means buffering the 
fluid in the measurement location ^oz^, Che fluid m the narrowbore conduit means, 
md where there is sufficient fluid in the dkphragm means to pressurise the 
narrowbore conduit means during a pressure build up in the measurement location, 
and where there is an orifice means interconnecting the measurement location and 
the narrowbore conduit means to communicate the pressure accurately during slow 
pressure changes. 

The flow preventor means n^y contain baffles which induce higher pressure 
drops for the same flow rate thus allcwsng faithful pressure commimication and 
assisting the ability to flush contaminants such as oO but of the flow preventor 
means when required. 

According to anotli^ enrabodknent of tlie current invention, the apparatus 
contains a a:; Hilary moans vMch tiicrcomi,:^ a ioeasiixement point within the 
narrowbore condui insans and the first pressure gauge, and where gas is injected 
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througb the capillary means according to the weD-known bubbler principle. An 
important difference between this embodiment and bubblers is that the capillary 
means terminates in the nairowbore conduit means which may be a considerable 
distance from the remote location. This has the advantage when measuring 
pressures in high-pressure gas or ofl wells in that the nairowbore conduit means can 
be ifilled with fluid of controlled quality, hence significantly reducing the risk of 
blockage ofthe capillaiy, and also potentially reducing the- ^^ ur c-ra ting 
reqwrement of the capillary means. 

■ ■ _ ..y v;;;; r /■»!■. 

The capillary means may be of sufficient dimensions to be punq)ed along the 
nairowbore conduit means. 

The capillary means may resemble a silica optical fibre. Suitable dimensions 
for the capillary means may con^jrise a coated outer diameter less than 2.5mm, a 
glass outer diameter less than 250|mi and an inner dianietcr of greater than 25|im. A 
typical design would have an outer diameter of 1 SOfun, a glass outer diameter of 
1 25\mi and an inner diameter of 75|im. Similar capillaries have found acceptance in 
high-pressure chromatography. 

The signal processing means may comprise a filter for removing the low 
frequency content from the second i^-essure gauge, and a summer for adding the 
resulting signal to the signal from the first pressure gauge. 

The signal processing means may fiirther include a delay element for 

delaying the filtered signal from the second pressure gauge by an amount 

' ■"•:'z\r\' ■■' irij 1;... ^ ,:>'.;.'.>^ *Hv''-;?.-.> ;q 'sa/I sdii..it; zc^^iin iwh^Oj ; 



approximately equal to the time delay between a pressure change affecting the 
second pressure gauge and the first pressure gauge. 

Embodiments of the invention will now be described solely by way of 
example and with reference to the accompanying drawings in which: 

Figure 1 is a diagram of an embodiment of the present invention m which a 
signal processing means processes information from a first pressure gauge and a 
second pressure gauge; 

Figure 2 is a diagram of an embodiment of the present invention where the 
second pressure gauge is an optical pressure gauge; 

Figure 3 is a diagram of an embodiment of the present invention which 
includes a flow restrictor means; 

Figure 4 is a diagram of an embodiment of the flow restrictor means which 
uses two valve means; 

Figure 5 is a diagram of an embodiment of the flow restrictor means which 
uses a single valve means; 

Figure 6 is a diagram of an embodiment of the flow restrictor means which 
^iises an orifice means and a diaphragm means; 

Figure 7 is a diagram of an embodiment of the flow restrictor means which 
contains baffles; 

Figure 8 is a diagram of an embodiment of the present invention 
incorporating a capillary means; 
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Figure 9 is a diagram of an embodiment of the signal processing means 
including a filter means and a summer; and 

Figure 10 is a diagram of an embodiment of the signal processing means 
inchiding a delay element. 

With reference to Figure 1 , there is provided apparatus for combining 
measurements of pressure where one measurement is obtained from a first pressure 
gauge 1 having good long-term stability and a second pressure gauge ^^asflng^good 
dynamic response where the two measurements are combined in a signal processing 
means 3 to provide a single measurement with good long-term stability and good 
dynamic response. 

For downhole off industiy applications, good iong-term staWity may be a 
long term accuracy of around Ipsi per year, whereas good dynamic response may 
mvolve bemg able to track a pressure transient of around lOOOpsi in teii seconds to 
an accuracy of 1 psi while also being able to resoNe pressure changes of 0. 1 psi or 
less. It is beneficial if the first pressure gauge i and the s^nd pressure gauge 2 
can be caBbrated when required. Such a calibration may involve periodically 
comparing the output of one gauge wit^ respect to the other^ and estimating the 
offset and drift of the second pressure gauge 1 these parameters can be input into 
a snnple prediction algorithm to allow feed forward compensation of the first 
pressure gauge 1 in the signal processing means 3 which may be a conq)uter. Thus 
for example, if it were known that the drift rate of the second prewure gauge 2 was 
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5psi per month to an acciffacy of OJpsi per month, then it would be possible to 
simply add an offset to the output of the second pnressure gauge 2 corresponding to 
5psi multiplied by the number of months following the calibration. The first 
pressure gauge 1 would therefore only be required in the overall system for a 
confidence check, or when the uncertainty in the overall measurenMOt had grown to 
imacceptable levels. The first pressure gauge 1 may therefore only be required very 
occasionally. 

Such a measurement is important in the oil and gas industry where do wnhole 
gauges may be subject to extremes of temperature and pressure and a changing 
chemical environment. Separating the requirements of dynamic response and 
resolution fi-om long-term stability greatly simpUfies the engineering challenge 
associated with the design of ♦he downhole gauge. The separation is because it is 
possible to communicate the pressure to the surface where it can be measured with 
good long-term accuracy - albeit with poor dynamic response. 

An implementation of the invention is shown in Figure 2 where it is apphed 
to the measurement of downhole pressure in an oil or gas well 20. Produced fluid 
(oil, gas and water mixtures) fi-om a reservoir 21 flows to the surface via a length of 
produaion tubing 22 and a well head 23. The second pressure gauge 2 is an optical 
pressure gauge 24 where the optical pressure gauge 24 and its associated cable 25 
intercoraiecting the optical pressure gauge 24 with its associated readout electronics 
26 is of suitable dimensions to be punq>ed with fluid through a narrowbore conduit 
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means 27 to a remote location 28 and where pressure is communicated from a 
measurement location 29 to the optical pressure gauge 24 via a pressure 
communication means 30. The associated cable 25 exits the nairowbore conduH 
means 27 via a seal means 31. The first pressure gauge 1 is interfaced to the 
naiTowbore conduit means via port means 32. 

This embodiment has important applications in measuring pressure in oil 
wells where the narrowbore conduH means.23Laaay^ constructed from commercial, 
off-the-shelf hydraulic tubing strapped to the outside of the production tubing 22. 
The optical pressure gauge 24 may be pumped through the hydrauUc tubing which 
interfaces to the fluid in the production'tubing 22 via the pressure communication 
means 30 which may be a valve. The ability to pump the optical pressure gauge 24 
to the remote location through the hydraulic tubing is important because it aUows 
the optical pressure gauge 24 to be installed subsequent, to the oil weU infrastructure 
being con5)leted. Moreover, if the hydraulic tubing is configured in a U-tube 
configuration (ie both ends of the U being accessible at the surface), then the optical 
pressure gauge 24 can be simply puxaped out and replaced in the event of failure or 
degradation of the optical pressure gauge 24 or its associated cable 25, or if any 
upgrading in performance be desired. The ffrst pressure gauge 1 measures the 
pressure at the top of the hydraulic tubing. This pressure is related to the downhole 
pressure by the weight of fluid m the hydraulic tubing. Thus the first pressure gauge 
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1 can be ixsed to correct for slowly varying errors in the second pressure gauge 2 
with the signal processing means 3. 

A disadvantage of the system shown in Figure 2 is that produced fluid such 
as oil can enter into the narrowbore conduit naeans 27 through the pressure 
communication means 30 during a well shut-in test where the valves in the well head 
23 are closed and the pressure in the production tubing 22 rises accordingly. This is 
particularly the case for an underpressure well whgreJhe pressure in the reservoir 21 
is insufficient to support a column of liquid in the narrov/bore conduit means 27, 

The solution, Figxsre 3^ is to limit tic flow of fluid into the narrowbore 
conduit means 27 using a flow preventor means 35 where the flow preventer means 
35 is of such a design that the second pr^sure gauge 2 is able to measure the 
pressxu"e m the measurement location 25 via the pressure communication means 30. 

Figure 4 shows an implemeatation of the flow preventer means 35 
comprising a first valve means 4! , a ^ecor^ valve means 42 and a second conduit 
means 43. In this example, the narrowbore conduit means 27 is configured in a U 
comprising first narrowbore conduit means 44 and second marrowbore condust 
means 45 joined together. The oarrowbore conduit msans 27 interfaces to the 
measurement location 29 (not shewn) vfa the pressure commimication means 30 
which may be a valve. The second conduit means 43 intercomiects between the first 
valve meai^ 41 and ?he second valve means 42 end the second narrowbore conduh 
means 45 at m iatcrcooQection means 46. The second valve n^ans 42 closes when 
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the pressure drop measured fiom the faxtercoimection means 46 to the second valve 
means 42 is greater along the second conduit means 43 than in the second 
naiTowbore conduit means 45 by an amount which depends upon the valve design. 
Similarly, the first valve means 41 closes when the pressure in the second conduit 
means 43 is greater that the pressure within the channel within the first valve means 
41. 

The fibre optic-pressuBe^gauge 24 and its associated cable 25-«an be pumped 
through the first narrowbore conduit means 44 with fluid (liquid or gas) without 
closing the first valve means 41 or the second vaWe means 42. ' In onler to close the 
fast vaWe means 41 and the second valve means 42, fluid (liquid or gas) can be 
pumped down the second narrowtorc coiiuit means 45 fa tiie direaion of ie' 
pressure commumcation me^ 30. When the pressure withni the second valve 
means 42 is less than the pressure in the second conduit means 43, the valve means 



42 win close, thus sealing the second conduit means. Note, that depending on the 
particular installation, it may be necessary to flow fluid down both first narrowbore 



conduit means 44 and the second narrowbore conduit means 45 simultaneously to 
prevent the fibre optic pressure gauge 24 fix)m being pumped up the first 
narrowbore conduit means 44. The first valve means 4 1 and the second valve 



means 42 isolate the lower part of the narro wbore conduit means 27 from the 
surface. The installation can be designed such that if the first valve means 41 and 
the second valve means 42 are closed by pumping Uquid, then the relatively smaU 
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liquid vohune beneath the first valve means 41 and the second valve means 42 
prevents any significant fluid flowing into the narrowbore conduit means 27 through 
the pressure communication means 30. Note that it may be preferable to have the 
narrowbore conduit means 27 filled with gas at times other than durmg well testing 
in order to reduce hermeticity requirements for fibre optic cables. 

The first valve means 4 1 may be a valve which seals completely around the 
associated cable 25 when the pressure in the secend cQndiiit«^eans 43 reaches a 
jpre-set level in comparison to the pressure in the bore of the first valve means 41 . 
The design must be such that the associated cable 25 is not damaged. This can be 
achieved using a smaller version of an annular valve known in the oil industry for 
sealing around wires or pipes. The annular valve may be constructed fi"om a 
polymer, or for high-pressure applications, incorporate metal leaves to prevent the 
polymer fi-om shearing. 

The second valve means ^ 2 may be of a similar construction to the first 
valve means 41 , or may simply be a valve which seals completely at the desired 
pressure setting. The implementation of the second valve means 42 may be 
accomplished by other embodiments which prevent tipward flow. Such an 
embodiment might make use of a storm choke principle. 

Note that it is advantageous for there to be a pressure differential between 
the control pressure for the first valve means 41 and the control pressure for the 
second valve means 42 before these valves close. Note also that the second conduit 
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means 43 is preferably filled with a fluid of sufficient weight to ensure that the first 
vahre means 41 and the second valve means 42 can close. 

The embodiment shown in Figure 4 can be simplified as shown in Figure 5 
where there is valve nieans 5 1 , and vAicn the second conduit means 43 connects 
with the naiTOwbore conduit means 27 at the interconnection means 52. This 
embodiment contains less conqionents, but has the disadvantage over that shown in 
Figure 4 in that tfae^t ical-pressure gauge 24 may not be retrieved simply, fi-om the 
narrowbore conduit means 27 by pumping in the reverse direction through the 
naiTowbore conduh means 27. 

An attemative izoplementation of tiie flow preventor means 35 is shown in 
Figure 6. The flow preventor means 35 contains a diaphragm means 61 buffering a 
first fhiid 62 in the measurement location 29 fi-om a second fluid 63 in the 
narrowbore conduit means 27, and where there is sufficient fluid in the diaphragm 
means 61 to pressurise the narrowbore conduit means 27 during a pressure build up 
in the measurement location 29 through a side port means 64 . There is also 
provided an orifice means 65 to provide a connection betWeen the measurement 
location 29 and the narrowbore conduit means 27 sudi that pressure is 
communicated accurately during slow pressure changes. In this in^lementation, 
large pressure changes (for example 1 OOOpsi change over ten seconds) are 
communicated via the diaphragm means 61 , whereas small pressure changes (for 
example Ipsi over ten seconds) are mainly communicated via the orifice means 65. 
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The orifice means 65 has an exit below the liquid level 66 separatmg the first 
conduit fluid 62 and the second conduit fluid 63. In the implementation shown, the 
second conduit fluid 63 is more dense than the first conduit fluid 62 - but this is not 
a requirement. The nnportant detail is that the orifice means 65 should be 
configured to prevent the first conduit fluid 62 from entering the narrowbore 
conduit means 27 while permitting pressure communication via the orifice means 65 
without hysteresis, albeit at a retativelyJoMfraow rate. This flow rate would notbe 
suflicient to follow large and rapid pressure changes at the measurement location 
29. 

The diaphragm means 61 may t3 constructed as a bellows, or may be of 
sufficient size and elasticity to allow very rapid pressure changes to be 
communicated to the narrowbore conduit means 27. 

It will be appreciated that it may be necessary to pump fluid into the 
narrowbore conduit means 27 after a pressure rise to prevent the elasticity of the 
diaphragm means 61 causing fluid to be sucked into the narrowbore conduh means 
27 via the orifice means 65. 

The advantage of the implementation shown in Figure 6 for an oil or gas 
well application is that it serves to ensure rapid as well as slow pressure change 
communication and also serves to prevent ingress of production fluids into 
narrowbore conduit means 27 that benefits fl-om having within it a fluid of 
controUed quality. 
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The amount of fluid that may be pumped into the narrowbore conduit means 
27 during a shut down test in an undeipressurised ofl wefl may be significant - for 
example a figure of approximately 1 5 litres per kilometre may be required if the 
narrowbore conduit means 27 is manufactured fi-om 14" h>draufic control line. In 
this instance it may be desirable to locate the flow preventor means 35 and the 
pressure communication means 30 at the very bottom of the oil weD 20. 

Wbeft*©.oiI-wen 20 is allowed to flow again, the downhole pressure wiD 
drop, and fluid win drain into the production tubing 22 via the orifice means 65. 

There is a danger that the orifice means 65 win fill with scale, corrode, or 

become blocked with produaion fluid. It may therefore be desirable to insert an 

■ ' ■ ■ ■' " -■ ..... .\ • ■ • • ' 

additional fluid separator between the pressure communication means 30 and the 

production tubing 22 in order to minimise the amount of production fluid fi^om 

entering the pressure communication means 30. Altematively, the orifice means 65 

may be designed such that ft may be pumped down the narrowbore condurt means 

27 and located in posftion as shown. Should it become Mocked, ft couM be 

removed by over pressurising the narrowbore conduft means 27, and a replacement 

orifice means 65 pumped down the narrowbore condiift means 27, 

An afteinativc method to reduce the volume requirement of the liquid buffer 

wfthin the diaphragm means 61 is to pressurise the narrowbore conduft means 27 

prior to a significant pressure increase at the measurement location 29. This relies 

on there being a low flow rate of Uquid through the orifice means 65. The pressure 
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rise during wen testing can then be deduced from the resukm 
measurement from the second pressure gauge 2 by observing the rate of change of 
pressure. After the oil well 20 is shut in, the pressure in the narrowbore conduit 
means 27 and the production tubing 22 will equalise. 

The flow preventor means 35 shown in Figure 3 may be implemented as part 
of the pressure communication means 30 such that it contains baffles 71 as shown in 
Figure 7. These4>affles-7 1 induce higher pressure drops for the same flow rate. thus 
aUowing faithful pressure communication arKi assisting the ability to flush 
contammants such as oil out of the flow preventor means 35 whOT reqxiired. 

Figure 8 shows a further implementation of the invention where the first 
pressuxe gauge 1 measures the pressure within the narrowbore conduit means 27 
using a capillary means 81 . The capillary means 8 1 has gas flowed along it from a 
gas supply means 82. The implementation operates using the well known bubbler 
principle whereby the pressure required at the surface to cause bubbles to enter the 
liquid is a measure of the pressure at the exit of the capillary means 8 1 . Techniques 
are well known to correct for the weight of the gas column. 

The capillary means 8 1 may be of sufficient dimensions to be pumped along 
the narrowbore conduit means 27. 

The capillary means 8 1 may resemble a silica optical fibre together with its 
coating. Suitable dimensions for the capillary means 81 may comprise a coated 
outer diameter less than 2.5mm, a glass outer diameter less than 250|im and an inner 



diameter of greater than ISyan. More typically, the coated diameter would be 
150\ma, the glass outer diameter 125pm and the inner diameter 75|mL Such 
dimensions will permit pumping the capillary means 8 1 into practical hydraulic 
control lines as well as removing them from the hydraulic control lines should the 
capillary means 8 1 become blocked (for example with oil). 

The gas used in the appUcation is ideally dry nitrogen or dry helium. 

In a typical application, the narrowbore conduit means 27 may be aWe^o-^ 
support a fan column of liquid at the start of the reservoir's 21 life. The oil well 20 
is called an overpriessure wen. Tlie pressure in the reservoir 21 drops as 
hydrocarbon is extracted, and the narrowbore conduit means 27 is no longer is able 
to support a fan column of liquid. The oU weU 20 is then an underpressurised weU. 

The above system is capable of providing accurate measiirements of pressure 
for both the overpressurised weU and the underpressurised wen. 

For the underpressurised wen, the liquid level will be within the narrowbore 
conduit means 27, and this Kquid level win faU as the reservoir 21 is drained. The 
fan in the Uquid level may be several thousand feet during the Ufe of a typical 
reservoir. In this case, gas such as diy nitrogen or hdium is pumped into the 
capillary means 8 1 until there is sufficient pressure to bubble gas mto the liquid 
within the narrowbore conduit means 27. When the gas is just bubbling hito the 
iKjuid, the pressure m the capillary means 81 corresponds to the pressure at its exit. 
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The pressure in the capBlary means 8 1 can then be measured by the first pressure 
gauge 1 and output to the signal processing means 3. 

For the ovcrpressurised well, the liquid level in the narrowbore conduit 
means 27 is at or beyond the seal means 3 1 . In other words, the capillary means 8 1 
is able to communicate the pressure to the first pressure gauge 1 using the fluid in 
the narrowbore conduit means 27. In this case the pump 82 is not required, and the 
^capillary means 81 may be filled with fluid by bleeding the narrowbore conduit — — ^ 
naeans 27 at a suitable port. The pressxire at the end of the capillary means 81 
within the naTowbore conduii means ^7 can be calculated fi'om the hydrostatic head 
within the capillary means 8 1 , Nevertheless, it is preferred to use dry gas in the 
capillary means 81. 

The average pressure at the pressure conununication means 30 is calculated 
from the pressure at the exit of the capillary means 8 1 and the hydrostatic head from 
the exit of the capillary means 8! and the pressure communication means 30. It will 
be noticed that correction algcrithms for this pressure v/hich take into account 
variations in fluid density owing to temperatui'es and pressure are known. These 
calculations are facilitated by mean5 of the temperature profile within the 
narrowbore conduit means 27 which may be measured by a tenq>eTature profiling 
sensor such ar^ the York DTS 80. The optical fibre for the temperature profiling 
sensor may be pvunped through the narrowbore conduit means 27 in a similar 



22 

manner to the way in which the optical fibre pressure sensor 24 together with the 
associated caWe 25 may be pu]iq)ed through the nanowbore conduit means 27. 

The capillary means 8 1 may be implemented by several different methods. 
For exanq}Ie, it may con^nise a length of 1/8" or smaUer hydraulic steel conduit 
which has been permanently installed into the nairowbore conduit means 27. TTie 
disadvantage for high-pressure wells is that the capillary means 81 may have to be 
very long and siq)port very high pressures at the beginmng of^^ife of an 
overi^-essurised well. 

The c^nllary means 81 may also be silica capiUary of dimensions similar to 
that of optical fibre cable (these have outer giass diameters of 1 25|iin), The 
advantage here is that such a capillary can be pumped into the narrowbore conduit 
means 27 and repositioned as required by analogous techniques to those for 
pumping a fitn-e cable through the conduit. It wiU noted that if the pressure in the 
reservoir 21 is being drained vwy slowly, then the downhole pressure before and 
after repositioning the capiDary means 8 1 will, ifor all practical purposes, be 
identical. This fact may be used to remove uncertamties in the location of the 
capillary means 81. ^ 

In applications where the surface pressure in the narrowbore conduit means 
27 is low, the capillary means 81 may be constructed from relatively low-pressure 
capillary tubing such as PTFE tubing. 
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The measured pressure from the first pressure gauge 1 will be a delayed 
measurement of the downhole pressure. This is because it takes time for the 
pressure to be communicated through the narrowbore conduit means 27 and 
through the capillary means 81 - the narrower bore the capillary, the longer it will 
take to communicate information. Moreover, the transmission of pressxire 
information through the narrowbore conduit means 27 and the capillary means 8 1 is 
also dispersive - that is narrowbore conduit means 27 and the capillary means 81 
will smooth out rapidly varying pressure information leading, in general, to loss of 
rapidly varying pressure information at high resolution. Unfortunately, tliis is 
precisely the information reqxiired by reservoir engineers during ^^shut-iu tests" 
where the well is "shut in" (closed) and the pressure in the oil well 20 rises. 

The longer the narrowbore conduit means 27, and the longer and narrower 
the bore in the capillary means 8 1 , the greater the time lag in the measurement and 
the greater the effective time constant in the measurement. 

The purpose of the signal processing means 3 is to combine the outputs from 
the first pressure gauge I and the second pressure gauge 2 m order to provide a 
single measurement of good stability and good dynamic response. 

An example of the signal processing means is shown in Figure 9, Here the 
output of the second pressure gauge 2 is filtered with a high-pass fUtcr 9! which is 
designed with a time constant equal to the time constant of the measiLtement from 
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the fim pressure gauge I. The resufting output provides a measureinem of the 

downhole pressure. 

It woM be desirable ta this »d ,tf,er related iniplementation ,o equalise the 
«ate ftctor (or sensitivity) of Uk firs, p«su« gauge 1 and .he second pressure 
gauge 2 prior to summing their outputs. 

A further example of the signal processing means is shown m Figure 10 
where the output from the second pressure gauge 2 is filtered and delayed (in any 
order) before being summed with the output from the fust pressure gauge I . n,e 
delay time is matched to the delay of mformation through the naxrowbore conduit 
means 27 and the capillar, means 81. Hi^; output has a latency " 

correspondmg to the delay time. 

It should be noted that the above signal processing meam nayb. carted out 
usingeitheranalogueordigi.al,echni,ues. n»se digital techniques nuy either use 
rapid sanipHng ^ or infrequem s^npUng times with d„, Bering process being 
performed ve^r inftequently (eg once per niond,). Ahematively. the p^cessing nuy 
be accomplished using optimal digital flh^ig «chniq«es such as Kalman filters. 

For measuring the pressures in hdriiohtil w^Bi. k would be ad«a«ageous to 
combine the fea««s in some of abiVe embodiments. In particular. a,e flow 

restrictor means 35 shown in Figure d the d^ti^a p^ure gauge 2^^ 
Rgure 2. »d thecipiUary meaiis 81 Shown in^^^^ 

commuhicated alobg the horiidrtW s*ctioi 
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narrowbore conduit means 27 >^ch would be filled with liquid to at least the level 
of the capillary means 81 which would be located in the downward section of the 
production tubing 22. This combination removes the well understood short 
comings of convrational bubbler systems in horizontal appUcations. 

It is to be appreciated that the embodiments of the mvention 
described above with reference to the accompanying drawings have been given by 
way of example only and that modifications and additional components may be 
provided to enhance the performance of the apparatus. 
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1 . Apparatus for combining two measurements of pressure where 
measurement is obtained from a first pressure gauge having good long-tenn stability 
and a second pressure gauge having good dynamic response where the two 
measurements are combined in a signal processing means to provide a single 
measurement with good long-term stability and good dynamic response. 

2. Apparatus accordmg to claim I where the second pressure gauge is an 
optical pressure gauge where the optical pressure gauge and its associated cable 
interconnecting the optical pressure gauge with its associated readout electronics is 
of suitable dimensions to be pumped with fluid through a nairowbore conduit means 
to a remote location and where pressure is communicated from a measurement 
location to the optical pressure gauge via a pressure communication means. 

3. Apparatus according to claim 2 where there is also provided a flow 
preventer means to restrict fluid from the measurement location flowing into the 
narrowbore conduit means. 

4. Apparatus according to claim 3 where the flow preventer means contains a 
vah^e means and a second conduit means, where the s^nd conduit means 
interconnects between the valve means and the narrowbore conduit means, and 
where the valve means is closed when the pressure in the second conduit means is 
sufficient to close the valve means. 
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5. Apparatus according to claim 3 where the flow preventor means contains a 
diaphragm means buffering the fluid in the measurement location from the fluid in 
the narrowborc conduit means, and where there is sufficient fluid in the diaphragm 
means to pressurise the narrowborc conduit means during a pressure build up in the 
measurement location, and where there is an orifice: means interconnecting the 
measurement location and the narrowbore conduit means to commumcate the 
pressure accurately during slow pressure changes, 

6. Apparatus according to claim 3 where the flow preventor means contains 
baffles which induce higher pressure drops for the same flow rate thus allowing 
faithfixl pressure commimication and assisting the ability to flush contaminants such 
as oil out of the flow preventor means when required. 

7. Apparatus according to any of the above claims where the apparatus 
contains a capillary means which interconnects a measurement point within the 
narrowbore conduit means and the first pressure gauge, and where gas is injected 
through the capillary means according to the well-known bubbler principle. 

8 Apparatus according to claim 7 where the capillary means is of sufficient 
dimensions to be pumped along the narrowbore conduit means, 
9. Apparatus according to claim 8 where the capillary means has a coated outer 
diameter less than 2.5mm, a glass outer diameter less than 250pm and a inner 
diameter of greater than ZS^im. 
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10. Apparatus according to claim I where the signal processing means may 
include a filter for removing the low frequency content from the second pressure 
gauge, and a summer for adding the resuhing signal to the signal from the first 
pressure gauge. 

1 1 . Apparatus according to claim 1 0 where the signal processing means may 
include a delay clement for delaying the fihered signal from the second pressure 

gauge by an amount approximately equal to the time delay between a pressure 

change affecting the second pressiire gauge and the first pressure gauge. 

12. Apparatxis for cotDbinlng tWo" meksuir^naents' of pressiire 
substantially, .as herein: deseribed; with .reference to -fche 
accompanying drawings. 
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